[1] The behavior of lower atmospheric ozone and ozone exchanges at the snow surface were studied using a suite of platforms during the Ocean-Atmosphere-Sea Ice-Snow (OASIS) Spring 2009 experiment at an inland, coastal site east of Barrow, Alaska. A major objective was to investigate if and how much chemistry at the snow surface at the site contributes to springtime ozone depletion events (ODEs). Between March 8 and April 16, seven ODEs, with atmospheric ozone dropping below 1.0 ppbv, were observed. The depth of the ozone-depleted layer was variable, extending from the surface to $200-800 m. ODEs most commonly occurred during low wind speed conditions with flow coming from the Arctic Ocean. Two high-sensitivity ozone chemiluminescence instruments were used to accurately define the remaining sub-ppbv ozone levels during ODEs. These measurements showed variable residual ODE ozone levels ranging between 0.010 and 0.100 ppbv. During the most extended ODE, when ozone remained below 1.0 ppbv for over 78 h, these measurements showed a modest ozone recovery or production in the early afternoon hours, resulting in increases in the ozone mixing ratio of 0.100 to 0.800 ppbv. The comparison between high-sensitivity ozone measurements and BrO measured by longpath differential absorption spectroscopy (DOAS) during ODEs indicated that at low ozone levels formation of BrO is controlled by the amount of available ozone. Measurements of ozone in air drawn from below the snow surface showed depleted ozone in the snowpack, with levels consistently remaining <6 ppbv independent of above-surface ambient air concentrations. The snowpack was always a sink of ozone. Ozone deposition velocities determined from ozone surface flux measurements by eddy covariance were on the order of 0.01 cm s À1 , which is of similar magnitude as ozone uptake rates found over snow at other polar sites that are not subjected to ODEs. The results from these multiple platform measurements unequivocally show that snow-atmosphere chemical exchanges of ozone at the measurement site do not exhibit a major contribution to ozone removal from the boundary layer and the formation of ODE.
Introduction
[2] There are many remaining open questions about the atmospheric dynamics and chemical processes that determine the late winter/early spring occurrences of ozone depletion events (ODEs) [Simpson et al., 2007b] in the coastal Arctic, despite the fact that numerous research campaigns have been conducted to investigate the cause of the ODE chemistry since their first discovery [Oltmans and Komhyr, 1986; Bottenheim et al., 1986] . Since above-surface and ozonesonde measurements have been a centerpiece of this previous research, relatively little information has been obtained on the role of ozone depletion and exchanges at the snow surface. Interestingly, research at the far inland polar sites Summit, Greenland, and South Pole, Antarctica, as well as at snow covered sites outside the Polar Regions has shown that 1 ozone is influenced by a number of processes occurring inside the snowpack and at the snow surface. Ozone levels in air withdrawn from inside the snowpack were found to vary significantly depending on site characteristics. Very little ozone was observed inside the seasonal midlatitude snowpack at a Colorado Rocky Mountain site . Similarly, measurements by Albert et al. [2002] at Alert, Nunavut, showed that ozone was depleted in the snowpack interstitial air, with no evidence for a photochemical mechanism, although snow chamber experiments showed a faster loss rate in the presence of irradiation. A much more dynamical ozone behavior was seen in the polar snowpack covering glacial ice where ozone levels were found to be influenced strongly by solar irradiance and wind pumping . Furthermore, a strong seasonal cycle has been observed. The inland polar snowpack appears to be rather unreactive during the colder and dark winter months. During the warmer, sunlit period, daily cycles of ozone destruction were observed. Furthermore, the measurements at Summit showed that ozone photochemistry inside the snowpack can be a determining process for driving ozone deposition fluxes at the snow surface .
[3] The ozone chemistry above the snowpack becomes further complicated by the fact that the snowpack can be a significant source of nitrogen oxides (NO x ) [Honrath et al., 1999; Jones et al., 2000] . Under the typically observed stable and shallow boundary layer conditions encountered over snow, NO x released from the snow tends to get trapped within the lowest tens of meters above the snow surface [Neff et al., 2008; Helmig et al., 2008b] . Resulting enhancements in ambient NO x , in concert with high radiation and elevated concentrations of radical species, can result in significant ozone production chemistry, which, under the most extreme conditions, can result in up to a doubling of ozone above the snow [Crawford et al., 2001; Helmig et al., 2008a] . This phenomenon, of course, is much in contrast to what has been described for ODE conditions, where just the opposite, i.e., ozone loss, resulting in removal of boundary layer ozone above the snow surface, occurs. In this environment, halogen radical chemistry is the culprit for the chemical destruction of ozone causing at times destruction of boundary layer ozone to below instrument detection limits over several days [Simpson et al., 2007b] .
[4] The Ocean-Atmosphere-Sea Ice-Snowpack (OASIS) spring 2009 experiment entailed the deployment of a multitude of comprehensive chemical observing platforms for the study of ODE atmospheric chemistry at a coastal Arctic site. This opportunity was used for investigating the ozone dynamics from an extensive array of ground and balloon experiments. A particular goal was the characterization of the magnitude of ozone fluxes preceding, during, and after ODE to answer questions about the role of surface fluxes and for a more detailed contrasting of the coastal Arctic ozone chemistry with the aforementioned observations from other snow covered sites.
Experiment Setup

Study Site
[5] The OASIS study was conducted approximately 5.5 km northeast of Barrow, Alaska, at the former Naval Arctic Research Laboratory (NARL) site (71.323 N, 156.667 W; 8 m above sea level) from March 8 to April 14, 2009 . The snow covered experimental site was located $600 m from the Chukchi Sea to the west and $100 m to the west of Imipuk Lake, which was frozen over and snow covered during the course of the study. A map of the study area is presented in the auxiliary material ( Figure S1 ) as well as in P. Boylan et al. (Boundary layer dynamics during the Ocean-AtmosphereSea-Ice-Snow (OASIS) 2009 Experiment at Barrow, AK, manuscript in preparation, 2012) .
1 This site was selected for the predominantly northeasterly winds coming from clean, undisturbed snow and from the direction of the Beaufort Sea. The primary measurement location was $150 m south of the Barrow Arctic Research Center (BARC). Power lines ran next to an ice road that led to two trailers that housed the instruments. A 10 m meteorological tower for flux measurements was located 29 m SE of the instrument trailers. A second tower, 6.1 m tall, was located 2 m to the NE of the first module. The tethered balloon site was located $50 m N-NE of the trailers. Data from the NOAA Barrow Observatory were obtained 8 km east of the city of Barrow and $2 km southeast of the Arctic Ocean. The NOAA Barrow Observatory was located 1.9 km east of the OASIS site. All measurements are reported in Alaska Standard Time (AKST), i.e., GMT À9 h.
Instrumentation
[6] A summary table of ozone measurements and instrumentation used is provided in Table S1 in the auxiliary material. Further details are provided below.
Ozone in the Snowpack
[7] Ozone was measured in air withdrawn from within the snowpack using a sampling technique previously detailed and characterized Seok et al., 2009] , with ozone measured by an ozone UV absorption monitor (2B Technologies, Colorado). Sample air was pulled through two lines of 6.4 mm o.d. Teflon-PFA tubing at a rate of 1.0 L min À1 and measured every 10 s. The two sampling inlets had glass fiber filters (13 mm Acrodisc, Pall Corporation, U.S.) and were positioned at 0.50 m above the $0.5 m-deep snowpack, and 0.35 m below the snow surface, approximately 5 m SE of the instrument building (see auxiliary material for a site layout map). All sampling lines, inlet filter holders, and inlet filter materials used for the snowpack and ambient air sampling were conditioned in high ozone (>250 ppbv) for at least 24 h prior to the experiment. Extensive tests have shown that ozone sampling losses are <1% after this treatment for the materials used in this experiment. A timed switching valve accommodated the alternating sampling between each of the inlets at $5 min intervals.
Surface Ozone Monitoring
[8] Surface ozone was monitored by a continuously operating TEI (Thermoenvironmental Corp.) Model 49C UV absorption analyzer at the NOAA Baseline Observatory from an inlet at 12 m above the ground. NOAA measurements are traceable to a Standard Reference Photometer (SRP) maintained by the U.S. National Institute of Standards and Technology (NIST).
Surface Ozone Fluxes
[9] Ozone surface fluxes were measured using the eddy covariance method. Wind and turbulence measurements were collected with a sonic anemometer (Gill Windmaster, Gill Instruments Ltd., UK) at 2.54 m above ground on the flux tower. The sonic anemometer was mounted into the prevailing wind direction (ESE) and $1 m away from the tower to limit flow effects from the tower. A fast response ozone instrument (FROI) based on the chemiluminescence reaction of ozone with nitric oxide (NO) was used for measurements of ozone variability. The sampling inlet for the FROI was located $20 cm behind the head of the sonic anemometer, minimizing disturbances due to the sampling line. Sample air was pulled through a 30 m, 9.5 mm o.d. Teflon-PFA line from the meteorological tower to the second module inside a conduit (arctic pipe) buried beneath the snow. From this purge line, one 6.4 mm Teflon-PFA tube connected to a Monitor Lab 8810 (Measurement Controls Corp. Englewood, CO, USA) UV absorption O 3 monitor. This monitor was calibrated against the ozone standard at NOAA, GMD, Boulder, Colorado. A second line connected the FROI to the purge line. The purge line flow rate was controlled to 12.5 L min À1 with a mass flow controller. The sampling flow rate to the FROI was set at 1.5 L min À1 . The NO reaction gas (2% NO in 98% N 2 ) was delivered at 150 ml min À1 . FROI calibrations were carried out weekly with the laboratory-calibrated Monitor Lab 8810. The instrument sensitivity was $2060 counts s À1 ppb À1 , yielding a detection limit of $0.051 ppbv (3s) for a 5-min averaging time. Data from the FROI and sonic anemometer were collected at 10 Hz. There is a delay in the acquisition of the ozone signal in the FROI due to the transport time between the inlet and the reaction chamber. The lag time was determined regularly using a "puff-system" [Bariteau et al., 2010] and found to be $5.9 s. The overall response time for the sampling and signal detection was determined from the signal change of NO [Bariteau et al., 2010] ; these tests resulted in a signal drop to 1/e in 0.3 s ($3 Hz).
Ozone Vertical Gradient Measurements From a Stationary Tower and Tethered Balloon Tower
[10] Two sonic anemometers were located at 1.5 and 5.4 m on the second tower directly outside of module one. Three heated sampling inlets connected to 0.64 cm o.d. Teflon tubings were located at 0.61, 1.83, and 5.49 m above the snow surface. A second vertical profiling system relied on a tethered balloon system. A 6.7 m diameter SkyDoc Balloon (SkyDoc Systems, LLC, USA) was raised to 150 m above the ground. Stationary inlets were attached to a secondary tether line and raised to heights of 45, 90, and 135 m. Sampling lines were made of black, thin-wall 0.79 cm o.d. Teflon (PFA) of tubing. Each line was 183 m long to maintain similar sampling characteristics between inlets. Each of the six sampling lines ran into a manifold located in the first trailer. Samples from each inlet were collected sequentially for a period of 10 min at 5.8 L min À1 . Ozone was measured every 1 s using an NCAR-built chemiluminescence instrument, also operating with 2% NO reaction gas. Sample flow from the switching manifold to the ozone instrument was 500 mL min À1 .
Ozonesonde Profiles
[11] A second winch was used with the tethered balloon system to raise and lower electrochemical concentration cell (ECC) ozonesondes from the surface to the balloon as it was kept stationary at a height of 150 m. EnSci 2Z ozonesondes (EnSci Corp., Boulder, Colorado) paired with a Vaisala RS-80 radiosonde were prepared according to NOAA/ESRL Global Monitoring Division standard operating procedures. The ozonesonde was placed in a Styrofoam box along with a small heat pack to keep the battery and sensor at a constant temperature. The ozonesonde package was run for several minutes at the surface to compare with surface ozone measurements. The ascent and descent of the ozonesonde package was controlled between 0.1 and 0.4 m s À1 resulting in profiles lasting 12-40 min. Daily release ozonesondes were launched from the NOAA Barrow Observatory. The same EnSci ozonesondes were used. The ceiling height of these profiles was $30 km.
BrO Measurements From Longpath-DOAS
[12] The Longpath-DOAS instrument determined the average bromine monoxide (BrO) concentration along two light paths defined by the distance between the telescope and retro-reflector arrays sited at 1074 m and 3623 m distance, respectively, using the method of Differential Optical Absorption Spectroscopy (DOAS) [Platt and Stutz, 2008] . The total light path lengths were thus 2148 m and 7246 m, respectively, and the height of the light paths above ground was approximately 2 m. The long light path was used under favorable meteorological conditions, whereas the short light path was used during periods of low visibility owing to fog, blowing snow, or occasionally occurring mirages. Depending on meteorological conditions, spectra were recorded with integration times ranging between 1-50 s. For further details on the DOAS measurements, see Liao et al. [2011] and Frieß et al. [2011] .
Meteorological Measurements
[13] Incoming and upwelling shortwave and longwave radiation components were quantified with a radiometer mounted 2 m above ground on a boom facing south (CNR1, Kipp & Zonen, Netherlands).
Results and Discussion
[14] Results from these various ozone experiments are presented in the order of the instrument description, starting with the below-surface measurements, and from there going up in measurement height with the release ozonesonde data being presented last.
Ozone in the Snowpack
[15] Ozone measurements in air withdrawn from the snowpack were collected from March 8 to April 9, 2009; however, there are some gaps in this record due to the intermittent failure of the switching manifold. A data example, displaying both the data from the inlet below and above the surface is shown in Figure 1 . The results from the above surface (2 m) sampling with the FROI are also included in this figure for reference. The comparison of the intermittent, switched inlet measurements from the above-snowpack inlet (blue data) with the FROI data shows that these two measurements showed good agreement, with deviations between the two measurements remaining <5 ppbv during most times. While the data from the above-surface inlet showed a high variability, with ozone dropping from $40 ppbv to <1 ppbv during several ODEs, ozone in air withdrawn from the snowpack (red data points) was less variable, falling within the narrower range of 1-12 ppbv, and remaining around $6 ppbv during most times. Specifically, there was relatively little change in ozone measured in the snowpack air during ODEs, except that during ODEs snowpack O 3 was even less variable, which can be explained by the lack of O 3 exchange between ambient and snowpack interstitial air. During ODEs ozone in air from above the surface and in air withdrawn from within the snowpack showed little difference. During times when there were sudden and rapid changes in ozone in the ambient air above the surface, the below surface measurements showed a smaller response. If ozone destruction occurring in the snowpack would contribute to ODEs then one would expect a change in ozone concentration in snowpack air preceding changes in ozone above the surface. The data in Figure 1 show that air drawn from within the snowpack at $50 cm depth was depleted in ozone during all times and that the residual amount of ozone in the snow was largely independent of surface ozone conditions. Consequently, there is no clear indication of ozone concentration drops in the snowpack prior to above-surface ODE. Based on this behavior it can be concluded that this snowpack is a sink of ozone, however snowpack processes do not appear to play a major role in determining the ozone dynamics above the surface. Furthermore, since ozone mixing ratios in the snowpack were during most times equal or less than atmospheric ozone, ozone surface fluxes are expected to be predominantly negative, i.e., toward the snow surface (downward/positive deposition velocity).
[16] There have been several other experiments in which ozone withdrawn from interstitial air was compared with above-surface concentrations. At Alert, Nunavut, ozone was always depleted below the snowpack surface, in dark or light conditions [Albert et al., 2002] . At Summit, Greenland, ozone in the snowpack showed a dynamical diurnal and seasonal behavior, with the level of ozone depletion in air withdrawn from the snow determined by the degree of solar irradiance . Ozone in snowpack air showed distinct diurnal cycles, with minima occurring a few hours after solar maximum. Furthermore, there was a clear trend toward lower ozone (higher rate of depletion) in the summer [Van Dam et al., 2010] . During the dark winter months the snowpack appeared rather inert toward ozone, with ozone interstitial air levels mirroring above surface ambient air levels. A much different ozone behavior has been reported from sites with seasonal snow cover. Ozone in air withdrawn from inside the snowpack at Alert, Canada, Toolik Lake, Alaska, a Rocky Mountain site, Colorado and from a snowpack at a forest site in Michigan (B. Seok et al., unpublished data, 2009 ) did not show obvious photochemical dependencies, but instead was depleted to well below ambient levels at all times. In conclusion, the ozone behavior in the snowpack at the OASIS site, lacking a clear diurnal signature and showing high depletion levels throughout resembles much more what has been seen in the seasonal snowpacks than the characteristics that were seen in the year-round polar snowpack at Summit. 
OASIS Surface Ozone
[17] Continuous surface ozone data were collected at the OASIS site by the FROI from the ECM flux tower, from the three gradient tower inlets by the NCAR chemiluminescence instrument, and at the NOAA Barrow Observatory with the UV absorption monitor. The data from these measurements, plotted together in Figure 2 , show a high level of agreement. During most times, deviations between instruments and sites are well below 5%. This behavior indicates a relatively homogeneous spatial ozone distribution on the geographical scale of these measurements.
[18] A striking feature is that on several occasions ozone recorded from the highest NCAR tower inlet dropped up to $10 ppbv below the other measurements, e.g., on April 3 and 5 (see Figure S2 in the auxiliary material for a detailed presentation of the April 5 event). The strong gradient between the surface and the 5.5 m gradient inlet was not seen between the two lower inlet heights. Boylan et al. (manuscript in preparation, 2012) present an in-depth comparison of turbulence measurements from the two towers and demonstrate that measurements on the NCAR tower were compromised during certain conditions by the building proximity. The departure of the agreement between ozone data from the tower inlets points toward a potential chemical interference in the ozone measurements from the NCAR tower, particularly during NW to SW wind conditions.
[19] Figure 3 shows a 12-hour window of surface ozone data for a more detailed evaluation. While the five measurements display the same main features, closer inspection shows that during several occasions there was a systematic deviation in the hourly ozone concentrations. For instance, at 13:30 and 19:00 h increases in ozone were recorded at the NOAA site first, but on two other occasions, i.e., at 15:00 and 16:00 h rises in ozone were first observed at the OASIS site. This feature is somewhat surprising, as winds were originating from NE to E during this entire period. With the NOAA observatory being upwind under these conditions, a more consistent behavior, with changes at the NOAA site preceding observations (by $10 min at the 3-4 m s À1 surface winds) would be expected. Another interesting feature is the divergence in the ozone readings seen at $18:30 h. This event appears to be the onset of an atmospheric stratification that caused lower ozone levels near the surface. The wind speed and wind direction data do not provide an obvious explanation for this feature, i.e., the change in wind direction was relatively small, and winds actually increased slightly during this period. The degree of atmospheric mixing was assessed by calculating the Monin-Obukhov Length (z/L) from the turbulence data. These results, added to Figure 3 , show a sharp transition from near-neutral/moderately stable mixing conditions before 17.30 h to mostly stable conditions thereafter. Since this change was not driven by a strong drop in wind speed, the obvious cause must be the formation of a strong temperature inversion from infrared radiative surface cooling likely associated with a cloud-free period (see discussion in Persson et al. [2002] and Grachev et al. [2005] ). The comparison of stability calculations with the ozone record suggests that the lack of vertical mixing promoted a loss of ozone (depletion) near the snow surface that is seen in these data. Interestingly, the occurrence of the elevated ozone gradients observed in the evening of March 16 coincides with an increase in BrO from below the detection limit in the morning to more than 15 pptv at 18:00 h within a shallow layer of less than 100 m vertical extent (observed by the colocated MAX-DOAS instrument).
[20] Remarkably, this ozone behavior at the OASIS site is opposite to what was observed at Summit, where negative ozone gradients (i.e., higher ozone near the surface) were seen during conditions with high atmospheric stability, typically during evening and nighttime. These contrasting features point toward different chemical mechanisms determining the ozone chemistry at these two sites, with near-surface ozone chemistry at Barrow likely being driven by halogen chemistry versus NOx chemistry at Summit.
[21] Overall, the OASIS ozone record spans 844 h of surface ozone data. The ozone concentration frequency from the three measurements (Figure 4) , in 2.5 ppbv ozone mixing ratio bins, shows that for all records there was a predominance of low ozone events, with the largest fraction (25% for NOAA, 29% for others) of the data falling in the <2.5 ppbv ozone bin. Interestingly, this comparison reveals that the NOAA Barrow observatory was subjected to slightly fewer low ozone and more high ozone occurrences. At the NOAA observatory there were 12% fewer hours of ozone in the 0.0-2.5 ppbv range window and 47% more hours with ozone falling in the 30-42.5 ppbv range when compared to the OASIS site. This possibly reflects the further inland location of the NOAA observatory ($2000 m versus 700 m), making it subjected to slightly less ozone depleted air with ocean footprint origin than the OASIS site.
[22] The examination of the dependence of ozone on wind conditions in Figure 5 shows that during OASIS there was a predominance of NE-E-SE winds. Barrow is surrounded by the Arctic Ocean from SW-N-SE, and has a land footprint in the SE-SW quadrant. It is noteworthy that these data do not show an unequivocal correlation of low ozone with oceanic footprint, as low ozone levels were also seen during times when winds were from the south (although such conditions were rare and associated with low winds). Ozone depleted air was observed during transport from a wide range of direction, i.e., 10-220
. There is a preponderance of lower ozone during calm conditions and higher ozone when winds were elevated. Other recent work suggested that blowing snow associated with higher wind speeds provides a larger surface area for heterogeneous release of bromine, and that this bromine mobilization fosters ozone destruction and lower ozone levels from ozone + bromine reaction. This hypothesis is supported not only by a model approach [Yang et al., 2010] , but also by BrO measurements during the OASIS campaign [Frieß et al., 2011; Liao et al., 2012] . The OASIS ozone data suggest that the enhanced mixing during higher winds likely provides a stronger ozone source than the possible enhanced ozone removal rate from bromine reactions under such conditions.
Ozone During ODE
[23] The full length OASIS ozone record (Figure 2 ) shows a number of events when ozone dropped below 1 ppbv, labeled 1-7. Overall seven ODEs (here defined as periods when ozone <1 ppbv) were identified. The comparison of the 2009 data with the historical 38-year Barrow surface ozone record showed that the number of 2009 ODEs was well above the average [Oltmans et al., 2012] . The time it took for the full development of an ODE was quite variable, ranging between 6 and 22 h. Similarly, there was a high variability in the full recovery at the end of an ODE (4-47 h). The overall length of the ODE ranged from 5 to 78 h. Characteristic features of the ODEs during OASIS 2009 are summarized in Table 1 . Only one of the 7 ODEs lasted for more than one day (ODE #4, 78 h total). Figure 6 shows the residual ozone that was measured with the three instruments during this period. The two chemiluminescence instruments have a limit of detection of below 0.100 ppbv mixing ratios. The UV monitor is listed for a >0.05 ppbv measurement range, but has rarely been characterized for sub-ppbv levels. The comparison between these two measurement techniques, and three instruments, shows a remarkable agreement, despite the lower time resolution and higher noise in the UV monitor data at these low ozone levels. The data depicted in Figure 6 , as well as the details on the other five ODE (Table 1) show that remaining ODE ozone levels during most times are in the 0.05-0.20 ppbv range. Closer inspection of the ODE record shows a pattern of ozone increases occurring during mid-day to afternoon hours. For Figure 5 . Hourly mean ozone plotted against wind speed and direction. Data from the 210-10 degree sector were excluded as that footprint was influenced by camp facilities and the town of Barrow.
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instance, on both March 26 and 27, ozone increased from levels of 0.05-0.1 ppbv to $0.5-0.7 ppbv during mid-day. On March 28, the increase was not as large, but a doubling of ozone from 0.1 to 0.2 ppbv observed. The incoming solar radiation data added to Figure 6 show that the onset of the ozone increase occurred $4-6 h after sunrise and peaked $0-6 h after solar noon. During all three days a reversal of this trend, leading to a decline of ozone in the late afternoon/ evening was evident.
[24] During previous field experiments in polar regions [e.g., Hausmann and Platt, 1994; Tuckermann et al., 1997; Hönninger and Platt, 2002; Simpson et al., 2007a] , usually an anti-correlation between ozone and BrO was observed, which has been attributed to photochemical ozone destruction by bromine radicals in autocatalytic cycles. The BrO-HO 2 cycle, hypothesized to be dominant at low BrO, is expected to lead to an ozone destruction rate that is proportional to the BrO concentration, whereas this rate depends on the square of the BrO concentration at high BrO, when the BrO-BrO catalytic cycle dominates [Platt and Honninger, 2003 ]. Photochemical models predict ozone destruction rates of 2-3 ppbv h À1 during an ODE [Piot and von Glasow, 2008] , which leads to the complete destruction of ozone within approximately one day.
[25] However, BrO cannot be produced from Br in the absence of ozone at very low ozone concentrations. Thus, the steady state involving BrO and Br is shifted toward Br, which is subsequently converted to reservoir species, such as HBr, and a proportionality between BrO and ozone can be expected. This behavior has been found during previous studies in Barrow [Simpson et al., 2007b] . However, a more detailed investigation of bromine chemistry at very low ozone concentrations was not possible owing to the lack of sensitivity of the ozone measurements at the sub-ppb level. The high sensitivity ozone measurements during OASIS and BrO measurements by DOAS allow for a more in depth reexamination of this question. The data from these measurements for ODE #4 are plotted together in Figure 7 .
[26] The onset of ODE #4 during the sunset of March 25 is characterized by a decrease in ozone mixing ratios from more than 20 ppbv to below 1 ppbv during less than 6 h. The rate of ozone decrease was much higher than predicted by photochemical models. It is therefore likely that part of the observed drop in ozone was caused by advection of air masses already depleted in ozone rather than by in situ photochemistry. The decrease in BrO mixing ratios from more than 25 pptv to values below the detection limit was always observed during sunset and the simultaneous decline in ozone for March 25 is most likely coincidental. The same applies to the increase both in ozone and, with a delay of 4 h, in BrO at the end of this ODE in the night from March 28-29.
[27] During most of this time, however, ozone and BrO showed a positive correlation. The diurnal variability of both species agrees remarkably well, indicating that, as expected, the formation of BrO is controlled by ozone concentrations at these low ozone levels.
[28] Stability and boundary layer height estimation from the sonic anemometer turbulence data (shown in Figure S3 Figure 6. Ambient air ozone (5 min mean data) measured by three instruments during ODE #4. Incoming shortwave radiation is shown in brown. The onset of an ODE event was set to when ozone levels began dropping more than 5 ppbv from the average of ozone levels seen in the preceding days.
in the auxiliary material) were used to examine if the ozone increases during ODE #4 were possibly influenced by a growth in boundary layer depth with advection of ozonericher air from aloft. The comparison of these data, however, clearly showed that the daytime ozone increases were not correlated with boundary layer growth. Instead, the increases in ozone were observed independent of particular atmospheric stability conditions. Consequently the ozone growth seen in these data is probably from chemical production and not from advection of air from aloft with higher ozone into the surface layer at the site. J. Orlando et al. (manuscript in preparation, 2012) show that radical and NOx levels that were observed at the site during daytime hours were sufficient to sustain ozone production on the order of 0.100 ppbv h À1 , which is consistent with the behavior seen in these data.
Ozone Surface Fluxes
[29] A number of data quality control filters were applied to filter the INSTAAR flux tower ozone data record for conditions when requirements for surface flux calculations were met. Periods when instrument calibrations, zero tests, power outages, or problems with data acquisition occurred removed 23% of the data. Data were filtered based on several meteorological conditions. Conditions with winds coming from the N-SW (210-360 degrees) were eliminated due to flow disturbances created by the upwind location of the modules and other site facilities. Periods when wind speed dropped to <0.5 m s À1 were removed due to problems with expressing a streamwise wind vector under those conditions. Altogether 19% of the data were removed due to bad/shifting wind direction and low wind speeds. Another filter, testing for stationarity in ozone conditions, eliminated data from periods when ozone changed by more than 1.5 ppbv per 15 min period, removing 62% of the data. In addition, situations when the measurement height divided by Monin Obukhov Length was >0.2 were eliminated, as conditions were deemed too stable to allow for a constant flux surface layer (22% of the data) [Sorbjan and Grachev, 2010] . Many of the data points were eliminated by more than one of the filters, leaving 19% of the data suitable for eddy covariance flux calculations. Ozone fluxes (F O3 ) were calculated by the eddy covariance method for 15-min data increments. In order to remove the effects of mixing ratio on the flux (F O3 ), fluxes were converted to deposition velocity (v d = ÀF O3 / [O 3 ], in cm s À1 ). A positive deposition velocity implies transport to the surface (deposition). The resulting ozone flux results are shown in Figure 8 . In order to investigate the possible influence of surface fluxes on the variation of ozone above the snow and ODEs, flux results were binned into non-ODE and ODE conditions. A histogram of the deposition velocity when ozone was greater than 28 ppbv (non-ODE) versus ozone during ODE (here <5 ppbv) is shown in Figure 9 along with statistics describing the data. N 0 is the initial number of points, N f is the number of points after filtering and quality control, and N f < 0 is the number of points below zero (signifying upwards ozone flux, or more realistically statistical noise in the ozone deposition velocity results). The median/mean (AE95% confidence interval) ozone deposition velocity outside of ODE of 0.005/ 0.028 AE 0.015 cm s À1 is lower than the ozone deposition velocity of 0.11/0.16 AE 0.047 cm s À1 during ODE. Please note that the uncertainty interval reflects both the combined variability of the ozone deposition as well as the measurement precision. The mean v d for O 3 > 28 ppbv and the mean and median for O 3 < 5 ppbv are statistically above zero, but the median vd for O 3 > 28 ppbv is not. In evaluating this comparison, it must also be noted that due to the deposition velocity calculation (as v d = ÀF O3 /[O 3 ]) the relative uncertainty in the ozone deposition velocity result increases with decreasing ozone mixing ratio. Consequently, while we estimate the uncertainty (considering accuracy and precision of the determination) in the ozone deposition measurement 
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to be on the order of 0.05 cm s À1 during regular conditions, it is higher for the ODE results. Therefore, while there appears to be a tendency toward an overall larger ozone deposition velocity during ODE (Figure 9b ), given that both data groups have standard deviations larger than the median values, and given the much smaller number of data points for ODE conditions, this comparison does not present a convincing case to argue for larger ozone deposition velocities during ODE. Overall, these ozone deposition rate results are small in comparison to ozone deposition rate values obtained for other surfaces [Wesely and Hicks, 2000] . These results indicate a very low ozone uptake rate and that the snow surface footprint of the flux tower is rather inert toward ozone. For example, for loss of O 3 within a 400 m thick layer (typical of the depleted layers, see below), this corresponds to a >1 month lifetime for O 3 in this layer, via loss by dry deposition. The magnitude of these ozone deposition velocity results is on the same order as observed for conditions at Summit, where ozone v d was $0.01 during winter/spring, and 0.01-0.05 cm s À1 during summer . The potential for snowpack photochemical processes contributing to surface ozone fluxes is investigated in Figure 10 , where all ozone flux results for >28 ppbv conditions were binned hourly. There appears to be a higher variability, with a higher ozone deposition flux during morning hours, and again higher variability, with more occurrences of ozone upward flux in the late afternoon. The added radiation data show that this increase in the ozone flux happened predominantly during the first 3-4 daylight hours. A hypothesis explaining this behavior could be that nighttime, dry deposition of HOBr, with subsequent production of Br 2 in snowpack air and the near-surface layer during morning hours, rapidly destroys ozone in that layer, creating a downward ozone flux from aloft. It should also be noted that this timing typically coincided with the loss of stability in the surface layer (Boylan et al., manuscript in preparation, 2012) . Consequently, this effect could also be driven by the breakup of the stable surface layer that is occurring at this time and the mixing of air from aloft with higher ozone into the ozone-depleted surface layer. Again, this behavior is different than what was observed at Summit, where deposition fluxes peaked in the mid to late afternoon. Please note that we produced a similar graph for conditions when ozone was <5 ppbv. These results did not show a clear diurnal cycle and were noisier than the results shown in Figure 10 , which likely reflects the smaller sample size and the larger relative error of the ozone deposition velocity determination at lower absolute ozone concentrations.
Boundary Layer Ozone Dynamics
[30] Boundary layer profiles of meteorological variables, ozone, and selected other trace gases not reported here (nitrogen oxides, volatile organic compounds, gaseous elemental mercury) were derived from three experiments: (1) stationary 3-height continuous monitoring from the tethered balloon inlet, (2) moving a meteorological/ozonesonde package up and down by the stationary balloon (at 500 feet), and (3) from the NOAA ozonesonde launches.
[31] Operation of the tethered balloon and ozonesonde releases were somewhat compromised by inclement weather and airspace restrictions under high wind and low visibility conditions. We also experienced some material failures of the tethered balloon components when temperatures dropped below À30
C. The summary of all available vertical profiling and surface observations is shown in Figure S4 times due to the drag and height of the balloon from changing winds and payloads. This change in sampling height was not corrected in the data displays. A total of 29 sondes were launched from the NOAA observatory. The NOAA ozonesondes do not have the high resolution of the tethered balloon observations due to the faster balloon rise rate. Furthermore, the slight delay in the ozone response to changing atmospheric ozone conditions can result in a $100 m upwards shift of recorded ozone profiles.
[32] A color contour plot incorporating all of the available ozone data within the height probed by the tethered balloon, also incorporating continuous surface observations is presented in Figure 11 . Figure 12 shows some selected profile examples from the tethered balloon. Graphs of all ozone, water vapor, and potential temperature profiles are provided in Figure S5 in the auxiliary material. Outside of ODEs (and conditions with airflow from the City of Barrow), ozone mixing ratios were on the order of 30-40 ppbv, and during most times ozone variability within the 180 m column was less than 5 ppbv during those conditions. A much different behavior was seen in ODE event profiles. Here, a highly variable ozone distribution was observed. Several profiles showed near complete destruction of ozone (<2 ppbv) throughout the entire profile (to 180 m). But on other occasions, the ozone depletion was constrained to a much shallower column near the surface. Some profiles (Figure 12) show plumes with ozone-containing air sandwiched by ozone-depleted air below and above (profile from 13.05 h, also see profiles from March 7, April 4, and April 7 in the auxiliary material). There were several occasions when plumes with 10-20 ppbv enhanced ozone within a narrow 20-50 m band (in height) were observed. The examples in Figure 12 nicely capture the end of ODE #7. During the time window of these observations surface ozone rose from <1 ppbv to $5 ppbv. The sequence of these profile data show that the breakup of the ODE was driven by a plume of ozoneenhanced air being transported in at $100 m height, and that the plume then slowly descended to lower heights (as shown in the release sonde data in Figure 13a ).
[33] The NOAA ozonesonde system captured ozone to heights well above the tethered balloon ceiling height. Therefore these data, albeit at lower temporal resolution, provided details of the ozone structure to the top of the mixed layer and beyond. A contour plot incorporating the data from the first 2000 m of the flights is shown in Figure 13 . This graph also includes corresponding data for potential temperature recorded from the sondes. Data for wind speed and wind direction from the twice daily radiosonde launches at the Barrow ARM site (adjacent to the NOAA observatory) were included for further interpretation. Over the 1-month observation period ozone in the 0-2000 m column ranged from less than 1 ppbv in depleted air near the surface to >60 ppbv at 2000 m. Outside of depletion events there is a consistent gradient of ozone with lower mixing ratios at the surface. This behavior is in agreement with the surface flux measurements, which showed that the air layer right above the snow surface primarily behaves as ozone sink. Ozone depleted air extended from the surface to variable heights between 100 and 800 m with most ODEs reaching up to 400 m. There appears to be a tendency of an increasing depth of the ozone-depleted column toward the later part of the observation period. The ozone-depleted layer was on average $400 m deep in early March. Moving toward mid-April the depth of the ODE layer appears to become deeper, reaching approximately twice this height during the April 14 ODE. A similar pattern with increasing depth of the ozone-depleted column was seen in the 3-weeks long ozonesonde record from April 2008 [Oltmans et al., 2012] . Comparison of the two years of ozone records shows about 2-3 times more frequent and more pronounced ODE in 2009 [Oltmans et al., 2012] . There is, however, similarity in the vertical structure of the ozone-depleted area. Both years show variability in the ozone-depleted column, with low ozone air extending from the surface to 400-800 m height. This consistent behavior in the two years of Barrow data, is, however, distinctly different from a similar record obtained at Alert Nunavut, during spring 2000. The Alert data show at least one episode with ozone-depleted air reaching up to 1400 m . This can be explained by the complex terrain around Alert, resulting in stronger mechanical mixing in the boundary layer.
[34] The sharp transition/steep gradients of ozone at the top of the ozone depleted air layer is remarkable. During several occasions changes of $40 ppbv were seen over a narrow 50 m height band. This feature implies that ozonedepleted air was confined within a mixed boundary layer that was capped by an inversion. The ODEs in March have a defined beginning and ending that is mostly independent of height. During an event the height of the depleted air mass varied no more than $50 m. The abrupt beginning and ending of ODEs appears to result from changing air masses and not from mixing of air from higher altitudes. The start of an ODE was typically marked by wind speeds below 4 m s À1 in the 0-2000 m layer and winds coming from the E-NE over the Arctic Ocean. Typically, ODEs ended due to a wind regime change bringing in ozone-rich air. For ODE # 1-4 the recovery time for ozone to rise from <1 ppbv to background levels of 25-35 ppbv was between 4 and 18 h. The April ODE #7 took 30-47 h to fully recover to background levels of ozone. Here the ozonesondes show ozone rich air moving in from the top of the depleted air mass. The wind regime shift was not as pronounced as for the recoveries in March, providing time for ozone rich air aloft to mix with the depleted air mass. There is no consistent correlation between ODE and surface wind speed conditions. While winds were relatively calm during the shorter ODE, the longest ODE (#4) had sustained winds of 8-15 m s 
Summary and Conclusions
[35] The ozone concentration and flux data from the multiple experimental platforms provide a number of new insights into ozone chemical and dynamical behavior in the coastal arctic environment. The snow covered tundra was found to be a sink of ozone. Ozone in snowpack air was depleted of ozone regardless of surface concentrations. There was no indication that ozone chemistry occurring in the snowpack at this site plays a significant role in determining the ODE dynamics seen above the surface. Ozone surface deposition rates were relatively low, on the order of ≤0.02-0.05 cm s À1 during most times, which is of similar order as seen at other snow covered arctic sites. There was no clear evidence of ozone in interstitial air being influenced by photochemical processes; ozone in the snowpack did neither show increases (from production) nor decreases (from chemical depletion) associated with diurnal radiation cycles. This behavior is in contrast to the snowpack ozone chemistry at Summit. Ozone production chemistry driven by NO enhancements over the snow, as seen most clearly at South Pole, does not play a determining role at Barrow. This finding is in accord with the results from the measurements of nitrogen oxides during OASIS, which showed levels of NO in surface layer air well below the 100 pptv level, which is approximately an order of magnitude lower than peak values observed at South Pole during stable conditions. The ozone in-snowpack and surface flux measurements clearly showed that processes in the snowpack or at the snow surface are not a major determinant in ODE occurrences at Barrow.
[36] Residual ozone in ambient air during ODEs was found to be in the 0.010-0.100 ppbv range. During three days of the most pronounced ODE, ozone increases of 0.100-0.500 ppbv during the daytime were seen. The comparison between measurements of ozone and BrO from longpath-DOAS showed that this rise in ozone correlates with increases in BrO measured in the surface layer. This behavior suggests that the formation of BrO is determined by the amount of available ozone, which controls the production of BrO by reaction of Br with ozone, and that the Br/ BrO steady state is shifted toward Br (which is subsequently converted to HBr by reaction with e.g., HO 2 or HCHO) when ozone drops to sub-ppbv levels.
[37] Ozone-depleted air masses extended to a height of $400-800 m. Occasionally, narrow bands with higher ozone were seen in boundary layer profiles. While it took hours to days for complete removal of ozone in the boundary layer, small changes at the surface were observed on timescales of minutes to hours. The dynamical changes seen in Figure 13 . Observations from the release sondes. Displayed data are for ozone (a) from the NOAA ozone sondes and meteorological variables of (b) potential temperature, (c) wind speed, and (d) wind direction measured from meteorological radiosonde launches undertaken at the Barrow ARM site.
tethered balloon profiles and ozonesonde data are in agreement with the work by Oltmans et al. [2012] who concluded from their analyses of back trajectories that ozone-depleted air masses are transported to the Barrow area, with the primary source region of ozone-depleted air being the Arctic Ocean. Likely, these air masses have been exposed to ozonedepleting chemical conditions for several days before reaching the site.
